Abstract Irvingia gabonensis endocarp waste was charred (DNc) and subsequently coated with chitosan (CCDNc). Physicochemical characteristics of the two adsorbents were established, while Fourier transform infrared (FTIR), Scanning electron microscopy (SEM) and Brunauer-Emmett-Teller (BET) surface area methods were further employed for characterization. Efficiencies of the prepared adsorbents in the uptake of Rhodamine B (RhB) from aqueous effluent were investigated and adsorption data were tested using four isotherms and four kinetics models. The BET surface areas of the prepared adsorbent were 0.0092 and 4.99 m 2 /g for DNc and CCDNc, respectively, and maximum adsorption was recorded at pH between 3 and 4, respectively. While monolayer adsorption dominates the uptake of RhB onto DNc, uptake of RhB onto CCDNc was onto heterogeneous surface. The maximum monolayer adsorption capacities (q max ) obtained from the Langmuir equation are 52.90 and 217.39 mg/g for DNc and CCDNc, respectively. Pseudo second order and Elovich kinetic models well described the kinetics of the two adsorption processes. The mean sorption energy (E) calculated from the D-R model and desorption efficiencies suggests that while the uptake of RhB onto DNc was physical in nature, for RhB-CCDNc system chemisorption dominates.
Introduction
Adsorption of pollutants using commercial activated carbon has gotten wide acceptance due to its simplicity of operation viz-a-viz ability to remove very low concentration of pollutants (El Haddad et al. 2013; Huang et al. 2015) . Precursors employed in the preparation of commercial activated carbon renders it very expensive. Quest for cheap and effective adsorbents as alternative to commercial activated carbon is a major concern to environmentalists.
Agricultural waste consists of cellulose, hemicellulose and other functional groups which makes them a suitable alternative to commercial activated carbon. Agricultural wastes are highly abundant, cheap and sometimes a nuisance to the environment, therefore their applications in environmental remediation will lead to environmental protections and waste management. Agricultural wastes are efficient in the uptake of heavy metals, dyes and other complex organic compounds (Salleh et al. 2011; El Haddad et al. 2014b) .
Thermal treatment, chemical activation and surface modification among others can effectively enhance the adsorption potential of raw agricultural wastes. The release of water from the matrix of agro waste as well as elimination of volatile organic compounds during thermal treatment may result in pore creation in agro waste (Mohan et al. 2011; Deveci and Kar 2013) . Such pores are good medium of transporting pollutants into the adsorbents. Surface modification provides active sites on biomass for enhanced pollutant adsorption.
Chitosan is a readily available sea material low cost adsorbent; it is the N-deacetylated derivative of chitin and exists naturally in fungal cell walls (Meng Qin and Lu Dewei 2000; Zhao et al. 2012) . Chitosan is an effective adsorbent for the uptake of dyes and heavy metals due to the free, highly reactive amino groups exposed during deacetylation. The presence of both amino and hydroxyl groups in chitosan qualifies it for the adsorption of cationic and anionic dyes. Chitosan currently stands as one of the potent adsorbents for the treatment of dye wastewater (Sheshmani et al. 2014) .
Various adsorbents have been utilized in dye removal from aqueous solutions viz; animal bone meal (El Haddad et al. 2012) , sugar beet pulp (Akar et al. 2013) , calcined eggshell (Slimani et al. 2014) , modified durian seed (Ahmad et al. 2015) , and oat hull (Banerjee et al. 2016 ). The present study, however, presents a novel adsorbent that combines the reactive site of chitosan with the mesopores generated via thermal treatment on the endocarp of Irvingia gabonensis. The idea of the present study is to provide possible dual effective sorption sites (reactive surface and pores for entrapment) for the sorption of Rhodamine B dye. The prepared bioadsorbents were characterized in order to understand the porosity, morphology, and surface chemistry of the adsorbents. Their adsorption potential in the uptake of RhB was investigated; various adsorption operational parameters such as effect of pH, initial adsorbate concentration/contact time and temperature were fully reported. Kinetics, isotherm and thermodynamics studies were employed to test the mechanism and process of RhB adsorption. Studies of regeneration of the spent adsorbent were also carried out and reported.
Materials and methods

Materials
Analytical grade chemicals were used in this work. Chitosan flakes were supplied by Sigma Aldrich while Rhodamine B (RhB) was supplied by BDH. The endocarp of I. gabonensis (dika nut-DN) was collected from local farmers in Omu Aran, Kwara State, Nigeria.
Adsorbent preparation
Thermal treatment of Irvingia gabonensis
The endocarp of I. gabonensis (dika nut-DN) was thermally treated in a muffle furnace operated at 500°C for about 3 h; the carbon obtained was ground and screened into a particle size of 150-250 lm. It was stored in an air tight container and labeled DNc.
Preparation of chitosan coated DNc (CCDNc)
Chitosan gel was prepared via addition of 2 g of chitosan flakes to 100 mL of 2 % acetic acid and stirring the mixture for 4 h. A 10 g of DNc was subsequently washed with 2 % acetic acid solution and was added to 100 mL of 2 % chitosan gel, it was then stirred with a magnetic stirrer for 4 h. Excess acid was neutralized using 0.1 M NaOH and subsequent washing to neutrality carried out with deionised water. The residue was dried in an oven operated at 40°C and the dried samples stored in an air tight container.
Adsorbents characterization
BET surface area and average pore diameter were determined using a Micrometrics Tristar II surface area and porosity analyzer. Samples were degassed under vacuum at 90°C for 1 h and the temperature was further increased to 200°C overnight. FEIESEM Quanta 200 for SEM was employed to establish the surface morphology of the adsorbents. Bruker Alpha FTIR spectrometer was used for functional group determination while pHpzc was done following a method described in our previous study (Inyinbor et al. 2015) .
Adsorbate used and adsorbate preparations
The properties of Rhodamine B are presented in Table 1 , A stock solution of RhB (1000 mg/L) was prepared and serial dilution was made to obtain other lower concentrations required.
Batch adsorption studies
Batch adsorption studies with focus on various adsorption parameters such as initial solution pH (pH 2-9), adsorbent dosage (1-5 g/L), initial RhB concentration, contact time (50-400 mg/L) and temperature (303-333 K) on the removal of RhB were carried out. The pH of the RhB solution was adjusted by adding 0.1 M HCl or 0.1 M NaOH. In each adsorption experiment, 0.1 g of the adsorbent was added to 100 cm 3 samples of RhB solution of a specific concentration in a 250 cm 3 glass conical flask. The flask was agitated for predetermined time in a thermostated water bath shaker operated at fixed temperature and 130 rpm to reach equilibrium. Then the adsorbent was separated from solution by centrifugation. The concentration of unadsorbed dye was determined using a Beckman Coulter Du 730 UV-Vis spectrophotometer set at 554 nm. Quantity adsorbed at a given time t was calculated using Eq. 1 and percentage removal was obtained using Eq. 2:
where C i , C t and C f are the initial concentration, the concentration of RhB at time t and final concentration of RhB, respectively. V is the volume of RhB solution used for the adsorption studies in liter and M is the weight of the adsorbent in grams.
Mathematical modeling
Isothermal studies Isothermal studies gives insight into the equilibrium relationship of the amount of adsorbate uptake onto the adsorbent (Ahmad et al. 2015) . Equilibrium adsorption data were analyzed using the Langmuir, Freundlich, Temkin and Dubinin-Radushkevich (D-R) adsorption models.
Langmuir isotherm The Langmuir isotherm (Langmuir 1916) which assumes a surface with homogeneous binding sites that suggests that adsorption is onto a uniform site. Linear form of Langmuir equation is expressed by Eq. 3 while the dimensionless factor R L that suggests favorability of adsorption process is given by Eq. 3a;
where C e is the equilibrium concentration of RhB dye (mg/ L), q e is the quantity of RhB dye adsorbed onto the adsorbent at equilibrium (mg/g), q max is the maximum monolayer adsorption capacity of adsorbent (mg/g) and K L is the Langmuir adsorption constant (L/mg). 
Freundlich isotherm
K f and n are Freundlich constants incorporating the factors affecting the adsorption capacity and adsorption intensity, respectively. C e is the equilibrium concentration of RhB dye (mg/L), q e is the quantity of RhB dye adsorbed onto the adsorbent at equilibrium (mg/g).
Temkin isotherm The Temkin isotherm (Temkin and
Pyzhev 1940) assumes linear rather than logarithmic decrease of heat of adsorption while ignoring extremely low and very high concentrations. The linear form of Temkin adsorption isotherm equation is expressed by Eq. 5;
A is the Temkin isotherm constant (L/g), from the value of Temkin constant B, b (J/mol) which is a constant related to the heat of absorption can be obtained from the expression B = RT/b, T is the temperature (K), R is the gas constant (8.314 J/mol K). C e is the equilibrium concentration of RhB dye (mg/L), q e is the quantity of RhB dye adsorbed onto the adsorbent at equilibrium (mg/g). (Dubinin and Radushkevich 1947) gives insight into the adsorbent porosity as well as the adsorption energy (E). The value E further provides information as to whether adsorption process is physical or chemical in nature. The linear equation for the D-R isotherm model is expressed by Eq. 6, Polanyi potential (e) and the mean energy of adsorption (E) can be obtained by Eqs. 6a and 6b, respectively; ln q e ¼ ln q o À be ð6Þ
b which is the activity coefficient, T is the temperature (K), R is the gas constant (8.314 J/mol/K). C e is the equilibrium concentration of RhB dye (mg/L), q e is the quantity of RhB dye adsorbed onto the adsorbent at equilibrium (mg/g).
Kinetics model
Kinetic studies that depend on the effects of contact time on RhB uptake onto the prepared adsorbents were well investigated. The kinetic of the adsorption systems were studied using the pseudo first order, pseudo second order, Elovich and Avrami kinetic models. Intraparticle diffusion model was employed in the investigation of the mechanism of adsorption.
Pseudo first order kinetic model Pseudo first-order kinetic model of Lagergren (Lagergren and Svenska 1898) is expressed by Eq. 7;
where q e is the quantity adsorbed at equilibrium (mg/g) and q t is the quantity absorbed at time t (mg/g) and k 1 is the rate constant for the pseudo first order sorption in min -1 .
Pseudo second order kinetic model Pseudo second order kinetic model (Ho and McKay 1999 ) is expressed by Eq. 8;
where q e is the quantity adsorbed at equilibrium (mg/g) and q t is the quantity absorbed at time t (mg/g) and K 2 is the rate constant of the pseudo second order kinetic model in g/mg min -1 .
Elovich kinetic model The linear form of Elovich kinetic model (Aharoni and Ungarish 1976 ) is expressed by the Eq. 9;
where q t is the quantity of adsorbate adsorbed at time t (mg/g), a is a constant related to chemisorption rate and b is a constant which depicts the extent of surface coverage. The two constants (a and b) can be calculated from the intercept and slope of the plot of q t versus lnt, respectively.
Avrami kinetic model
The linearized Avrami kinetic model equation (Avrami 1940 ) is expressed by Eqs. 10;
K Av is the Avrami constant and n Av is the Avrami model exponent of time related to the change in mechanism of adsorption. K Av and n Av can be obtained from the intercept and slope of the plot of ln[-ln(1 -a)] against lnt.
Intraparticle diffusion model Intraparticle diffusion model by Weber and Morris (Weber and Morris 1963) is expressed by Eq. 11;
where q t is the quantity absorbed at time t (mg/g) and K diff is the rate constant for intraparticle diffusion (mg g -1 min -1/2 ). Insight into the thickness of the boundary layer can be obtained from the value of C; a large intercept suggests great boundary layer effect.
Validation of adsorption kinetics
Chi square, which is given by Eqs. 12, was used to validate the kinetics model.
Thermodynamic studies
Effect of temperature on the uptake of RhB onto the adsorbents was studied; thermodynamic parameters that explain feasibility, spontaneity and the nature of adsorbateadsorbent interactions (DG o , DH o and DS o ) were calculated using the mathematical relations 13 and 14;
where T is the temperature in Kelvin, R is the gas constant and K o can be obtained from q e /C e . DH o and DS o can be obtained from the plot of lnK o versus 1/T.
Spent adsorbent regeneration studies
In order to further ascertain the mode of RhB uptake onto the adsorbent used, leaching/desorption of RhB from DNC and CCDNc was investigated using deionized water, 0.1 M HCl and 0.1 M CH 3 COOH. 0.1 g of each fresh adsorbent was loaded with RhB by agitating mixture of 0.1 g and 100 cm 3 of 100 mg/L RhB solution at optimum pH of each adsorbent for 1 h. The RhB\loaded-adsorbent was separated by centrifugation and the residual RhB concentration determined spectrophotometrically. The RhB loaded-adsorbent was washed gently with water to remove any unadsorbed dye and dried. The desorption process was carried out by mixing 100 cm 3 of each desorbing eluent with the dried loaded-adsorbent and shaking the mixture for a predetermined time, and the desorbed RhB was determined spectrophotometrically. Desorption efficiency was calculated using the mathematical relation below;
where q de is the quantity desorbed by each of the eluent and q ad is the adsorbed quantity during loading.
Results and discussion
Characterization of DNc and CCDNc
Physicochemical characterization
Characteristics of DNc and CCDNc are listed in Table 2 . Very low ash content characterizes DNc and CCDNc, this suggest that they are easily degradable. BET surface area was found to be low for both adsorbents (Table 2) . Surface modification, however, slightly increased the surface area. Low surface areas have been previous reported as characteristics of agro waste (Zhang et al. 2013) . Average pore diameter of CCDNc was found to be within the mesopore region, mesopores are large enough to trap large molecules such as RhB into the adsorbents (Saygılı and Güzel 2016) .
Functional group analysis
Strong absorption bands observed in DN at 1062 , 2950 and 3382 cm -1 can be attributed to C-OH, CH 2 , and -OH vibrations, respectively. After thermal treatment, dehydration, break down of hemicellulose coupled with elimination of volatile organic compounds results in the disappearance of these absorption bands (Fig. 1a) . The FTIR spectrum of CCDNc revealed vivid peaks at 1221 and 1594 cm -1 ; these are characteristic bands for C-N stretching vibrations and NH 2 scissoring vibrations, respectively.
Surface morphology
The surface morphology of DNc and CCDNc before and after RhB uptake is shown in Fig. 2 . Comparing the surface morphology of DNc (Fig. 2a) with that of DN which was reported in a previous work (Inyinbor et al. 2015) , thermal treatment results in the creation of pores of various shapes and sizes. Release of water in the matrix coupled with volatilization of volatile organic compounds due to thermal treatment may have resulted in the formation of these pores. A smooth surface coating of chitosan is, however, evident on CCDNc (Fig. 2c) while CCDNc maintains the basic structure of DNc. The smooth surfaces of the adsorbents before RhB adsorption were, however, rough after RhB uptake (Fig. 2b, d ).
Effect of pH on Rhodamine B uptake onto DNc and CCDNc
Sharp increase in percentage adsorption was observed between pH of 2 and 4 within the RhB-CCDNc system, maximum percentage removal was recorded at pH 4 (76.72 %) after which percentage adsorption dropped drastically. About 47 % percentage removal was recorded for pH 9 (Fig. 3) . However, for the RhB-DNc system, optimum adsorption was obtained at pH of 3 while adsorption percentage decreased after pH of 3. At low pH, the surface of the adsorbent is highly positively charged. Repulsion between the cationic RhB molecules and positively charged adsorbent surface, results in low adsorption. As the pH of RhB solutions increased, the number of hydroxyl ions increased; thus attraction between the cationic RhB and adsorbent surface is facilitated and subsequent increase in RhB uptake results. However, at pH above 3.7, RhB exists in its zwitterionic form, thus facilitating attraction between the carboxyl and xanthenes groups of RhB monomers into the formation of larger molecules of RhB (dimers). The sorption of these large RhB molecules (dimer) becomes difficult resulting in decrease in adsorbent adsorption capacity. Maximum sorption of RhB at pH between 3 and 4 have been previously reported by researchers using cedar cone, rice hull based silica and kaolinite as adsorbents (Zamouche and Hamdaoui 2012; Gan and Li 2013; Bhattacharyya et al. 2014) . 
Effects of initial concentration and contact time on the uptake of RhB onto DNc and CCDNc
Quantity adsorbed was observed to increase as initial RhB concentration increased. For initial RhB concentration of 50 mg/L, about 90 % of RhB uptake was observed in the RhB-CCDNc system while about 29 % RhB removal was recorded for the RhB-DNc system. The availability of highly reactive amino groups on the surface of CCDNc enhanced its adsorption capacity. The possible mechanism of RhB uptake via reactive amino groups on CCDNc surface is proposed (Scheme 1). At RhB highest initial concentration, however, percentage RhB removal by CCDNc and DNc were 80 and 77.33 %, respectively. This may be because initial concentration provides an important driving force to overcome mass transfer resistance of RhB between the aqueous and solid phase (Hameed et al. 2008) . Thus, percolation of RhB molecules into the pores was enhanced at high concentration. Rapid equilibrium characterized the uptake of RhB onto DNc and CCDNc; equilibrium was attained between 40 and 50 min for all the concentrations considered (Fig. 4a, b) .
Isothermal studies of RhB adsorption onto DNc and CCDNc
Calculated parameters for the various isotherms are as presented in Table 3 . The dimensionless R L value was obtained to be less than 1 suggesting favourable adsorption of RhB onto DNc and CCDNc. While the adsorption of RhB onto DNc was onto a homogenous surface (R 2 value of Langmuir = 0.9632), multilayer adsorption occurred in RhB-CCDNc system (R 2 value for Freundlich = 0.9292). Uptake of RhB in the RhB-CCDNc system must have been first onto the reactive sites on the surface coating and subsequently percolation into the pores. Adsorbate-adsorbate interactions may also account for heterogeneity of the adsorption RhB-CCDNc system (R 2 value of Temkin = 0.9084) (Bhattacharyya et al. 2014) . Chitosan coating greatly enhanced the q max , q max for DNc and CCDNc were 52.90 and 217.39 mg/g, respectively. The adsorption energy (E) obtained using the D-R model was 4.07 and 9.13 kJ/mol for RhB-DNc and RhB-CCDNc systems, respectively. This suggests that while physisorption governs the uptake of RhB onto DNc, the uptake of RhB onto CCDNc followed a chemical process. Maximum monolayer adsorption capacities of DNc and CCDNc were compared with other q max previously reported in literature (Table 4) and CCDNc particularly exhibited better performance.
Kinetics studies of RhB adsorption onto DNc and CCDNc
Calculated parameters from the various kinetics plots is presented in Table 5 , R 2 value for the pseudo second order kinetic ranged between 0.9980 and 0.9999 across concentrations considered while R 2 values for the Elovich model ranged between 0.9713 and 0.9978 (Table 5 ). Negligible differences exist between the q e experimental and the q e calculated, thus the values of X 2 for the two models were found to be generally less than 1. This suggests that Pseudo second order kinetics and Elovich models suitably described the kinetics of RhB uptake onto DNc and CCDNc. Large values were recorded for X 2 in the case of Pseudo first order and Avrami kinetics models suggesting that the kinetics of RhB uptake onto DNc and CCDNc was not described by Pseudo first and Avrami kinetic models. The increase in chemisorption rate (a) as initial concentration increased further affirms that more than one mechanism ruled the uptake of RhB onto DNc and CCDNc (Ahmad et al. 2015) . R 2 values for the intraparticle diffusion model ranged between 0.8400 and 0.9056 (Table 5) suggesting that the adsorption of RhB onto DNc and CCDNc may be controlled by intraparticle diffusion model. The value of C increased with initial RhB concentration, suggesting an increase in boundary layer effect as initial concentration increased. The graphs of q t against t , however, did not pass through the origin indicating some degree of boundary layer diffusion.
Effects of temperature and thermodynamic studies
Quantity of RhB adsorbed decreased with increased temperature for the two adsorbents. Quantity adsorbed decreased from 80.00 to 26.57 mg/g and from 66.50 to 19.58 mg/g for CCDNc and DNc, respectively, as temperature increased from 27 to 60°C (Fig. 5) . Increase in temperature may have resulted in reduction in binding force between the adsorbent and adsorbate thus resulting in decrease in adsorbent's adsorption capacity at high temperature. This is in agreement with previously reported work using polymeric gel as adsorbent (Malana et al. 2010) . (Table 6 ) indicate decrease in the randomness at the solid-liquid interface during adsorption of RhB onto DNc and CCDNc. As the temperature increased from 300 and 333°K, DG o values ranged between -1.71 and 3.91 for RhB uptake onto DNc and -3.46 and 2.81 for for RhB uptake onto CCDNc. Adsorption process was initiated, spontaneous and feasible at room temperature, however, at higher temperature adsorption process could not be sustained efficiently. This may be attributed to increased adsorbate-solvent interaction rather than adsorbate-adsorbent interaction at higher temperature (Malana et al. 2010) . less than 8 kJ/mol also suggests that physisorption dominates the adsorption process of the RhB-DNc system.
Conclusion
Prepared adsorbents were effective for RhB uptake from aqueous solution. Isothermal models suggest that monolayer adsorption dominates the uptake of RhB onto DNc while uptake of RhB onto CCDNc was onto multi site. Surface modification greatly enhanced adsorption capacity with maximum monolayer adsorption capacities being 52.90 and 217.39 mg/g for DNc and CCDNc, respectively. Pseudo second order kinetic and Elovich models best described the kinetic of the adsorption system. Energy of adsorption obtained from the D-R model and desorption efficiencies suggests that adsorption of RhB onto CCDNc was by chemisorption while the uptake of RhB onto DNc was by physisorption. The uptake of RhB at high temperature was unfavorable while desorption of RhB from the adsorbents surface was easy and feasible.
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